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Tubulin-based motility races ahead
Recent structural studies raise the possibility that our first atomic
models for how motor proteins work may come from tubulin-
based motility, and not the actin-myosin system of muscle.
The study of biological motility has been one of the key
areas of biophysics for the past 30 years. Understanding
mechanico-chemical transduction - how macromol-
ecules and macromolecular complexes convert chemical
energy to the production of force - has been seen as
one of the essential goals of those seeking a physical
understanding of life at the molecular level. The main
focus of motility studies for most of this time has been
muscle, for a variety of reasons. Not only are muscle pro-
teins, such as actin and myosin, highly abundant, but the
ordered arrangements of the thick and thin filaments in
striated muscle have made them particularly amenable to
structural analysis by electron microscopy or X-ray dif-
fraction. Within the past five years, atomic models for the
actin monomer [1-3] and the globular head of myosin
[4] have become available. However, the naive hope that
these structures alone would tell us how muscle works
has faded, as it has become apparent that the simplest
structural schemes may not fit the data [5]. Thus, the
publications that have appeared recently in the area of
tubulin-based motility have generated great excitement,
as it is possible that our first picture of how the hydrolysis
of ATP can be converted to mechanical work may come
first, not from the actin-myosin system, but rather from
motor proteins that move along microtubules.
Just as obtaining an atomic model for actin was a
tremendous step in providing the foundation for an
atomic model of actin-myosin motility, so an atomic
model for tubulin will be essential in understanding how
the motor molecules dynein or kinesin move along
microtubules. Unfortunately, the helical filaments formed
by actin (F-actin) and tubulin (the microtubule) have
meant that these proteins cannot be directly crystallized
for X-ray diffraction in their biologically important, fila-
mentous form. The approach taken with actin has been
to crystallize the monomer in complexes with actin-
binding proteins (thus preventing polymer formation), to
solve the monomer structure and then to use that to gen-
erate a model for the actin filament that is consistent with
X-ray fiber diffraction data [6]. It now appears that an
atomic structure for tubulin may come from an entirely
different direction.
One of the greatest accomplishments of electron micros-
copy has been the determination of the three-dimensional
structure of an integral membrane protein, bacteri-
orhodopsin, by electron diffraction and electron imaging
[7]. The solution of protein structures has previously been
the exclusive province of X-ray crystallography and, more
recently, nuclear magnetic resonance (NMR) spec-
troscopy. Electron microscopy has now been used to pro-
duce a three-dimensional map of tubulin at 6.5 A
resolution [8], and it appears that there is no barrier to
extending the resolution of these results so that the tubu-
lin polypeptide chain may be traced in three dimensions.
The existing data have already been used to locate tubu-
lin's taxol-binding site to an inter-protofilament region
[8]. A potentially useful aspect of this work is that the oa-
and 3-tubulin subunits are arranged in protofilaments
within the zinc-induced sheets that are used for electron
microscopy, and it is likely that the intra-protofilament
contacts are conserved between these sheets and micro-
tubules. Therefore, it may be quite straightforward to go
from an atomic structure of the zinc sheet to an atomic
structure of the microtubule, assuming that there is no
significant conformational change in the tubulin subunits
between the two. This assumption must, of course, be
tested, and caution must be exercised in the meantime
given the possibility of conformational flexibility in the
tubulin molecule [9]. Several subunits from the electron
microscopic reconstruction are shown in Figure 1, with
the probable orientation that they would have in the
microtubule wall indicated.
Running parallel with the solution of tubulin's structure
will be the determination of the structure of a motor
protein that walks along tubulin. The first such protein to
be crystallized is ncd [10] - named after its Drosophila
gene, non-claret disjunctional - a member of the kinesin
superfamily. Although the sequences of kinesin and ncd
are - 40 % identical, they move in opposite directions
along microtubules (kinesin towards the so-called 'plus'
end, and ncd towards the 'minus' end). Their similarity
in sequence suggests that these motor proteins have a
conserved structure, and a recent study [11] suggests that
both motor proteins compete for overlapping binding
sites on the microtubule surface. A structure for the
motor domain of ncd currently exists at 2.5 A resolution,
and a structure for the motor domain of kinesin has been
determined to 1.8 A resolution (R. Fletterick, personal
communication). Atomic models of tubulin and tubulin-
based motor proteins are eagerly awaited, and when they
are available - which hopefully will be in the very near
future - we expect that several fundamental questions
will be answered at the atomic level. How does the
motor protein bind to the microtubule? What deter-
mines the direction that the motor moves along the
microtubule? What is the conformational change in the
motor and/or tubulin that produces the 'power stroke'?
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Fig. 1. A model of a microtubule is
shown on the left, with the c-tubulin
subunits yellow and the -tubulin sub-
units red. The insert on the right shows
the structure of several tubulin subunits
at 6.5 A resolution [8]. This high-resolu-
tion structure has been determined from
zinc-induced sheets of tubulin protofila-
ments, and the subunits shown are ori-
ented so that we are looking at the
lumenal face if this protofilament were
part of a microtubule wall. The polarity
of these protofilaments - which is the
'plus' and which the 'minus' end - has
not yet been determined. (Tubulin struc-
ture courtesy Ken Downing.)
Several recent electron microscopic studies have begun
directly and elegantly to address these questions.
Hoenger et al. [9] have reconstructed tubulin sheets,
which are flattened, open microtubule walls that have
been decorated with ncd. They observe that ncd makes
extensive contacts with both the x- and 13-tubulin sub-
units, consistent with a cross-linking study which found
that both ncd and kinesin interact with both ac- and 3-
tubulin [12]. Surprisingly, Hoenger et al. observe that the
binding of ncd induces a significant conformational
change in both of the tubulin protomers within the
microtubule wall.
Kikkawa et al. [13] have used kinesin, rather than ncd, to
decorate microtubules, and they have taken advantage of
the polymorphism of in vitro microtubule structures to
use microtubules with only 10 protofilaments. This has
allowed them to use helical reconstruction techniques for
three-dimensional reconstruction, rather than the tilting
of specimens that is required for reconstructing flat sheets
(all projections of the structure can be used in helical
reconstruction, whereas there is inevitably a cone of miss-
ing data when reconstructing from flat sheets by tilting).
Both ncd [9] and kinesin [13] are observed to bind to the
ridge or crest of a single protofilament, and this provides a
structural basis for the observation that kinesin tracks
along a single protofilament as it moves along a micro-
tubule [14]. The demonstration that a single-headed
kinesin fails to track in such a manner [15] suggests that
the two heads of an intact kinesin molecule walk in an
arm over arm' manner.
Hirose et al. [16] have used electron microscopy to
observe directly the nucleotide-dependent conforma-
tional changes in kinesin bound to tubulin. This is very
exciting, as attempts to directly observe different confor-
mations of myosin on actin as a function of nucleotide
hydrolysis have eluded workers in this field for many
years. On the kinesin fragment that they used, Hirose et
al. observed a spike - assumed to form the attachment
to the tail of an intact kinesin molecule - which appears
to undergo a 450 rotation between the ADP state and the
states found either in the absence of nucleotide or in the
presence of the non-hydrolyzable ATP analog AMP-
PNP. This rotation could provide the basis for the power
stroke exerted by kinesin during the hydrolysis of ATP.
As kinesin dissociates from the microtubule after ATP
hydrolysis and rebinds as kinesin-ADP, it is assumed that
the ADP state mimics the initial attachment state,
whereas the nucleotide-free state has undergone a 450
rotation associated with the release of the products of
hydrolysis. As the AMP-PNP state has a similar confor-
mation to the nucleotide-free state, it is assumed that
ATP binding does not induce the large conformational
change that product release does. This model requires an
assumption that the 'rigor' state observed in the absence
of nucleotide actually corresponds to an intermediate in
the ATPase cycle, an assumption that appears reasonable
but has never actually been proven for actin-myosin.
Lastly, it is noted by Hirose et al. [16] that the direction of
kinesin rotation they observe is consistent with the
known direction of motion of kinesin on microtubules,
which is towards the plus-end. The problem is that the
polarity assigned to kinesin- and ncd-decorated micro-
tubules by Hirose et al. [16] appears to be the opposite of
that described by Hoenger et al. [9], Kikkawa et al. [13]
and Song and Mandelkow [17]. As in the absence of any
information one would have a 50 % chance of getting
the polarity correct, this is quite worrisome! A more
extended treatment of this polarity issue [18] has shown
that growing unmodified brain tubulin from a single end
of a microtubule is not a reliable method of polarity
determination. Clearly, this is a point that needs to be
1356 Current Biology 1995, Vol 5 No 12
resolved. As studies of actin-myosin have been plagued
by disagreements about the length of the power stroke,
whether myosin interacts with one or two actins, and the
structure of the actin filament [19], it is unreasonable to
expect that studies of tubulin-based motility will proceed
with a consensus at every point. Nevertheless, it is clear
that our understanding of the structural basis of tubulin-
based motility is off to a very strong start, and rapid
progress is likely to be made in the near future.
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